SNPs and single base pair (SBP) insertion/ deletions (indels) are not only the most abundant genetic markers for genetic mapping and breeding selection, but also always occur in the mutants generated from chemical mutagenesis or CRISPR/ Cas9-mediated genome editing. Most of the current SNP and SBP indel genotyping methods are time-consuming and/or require special equipment or reagents. Here, we describe an improved heteroduplex analysis method, named iHDA, that can readily discriminate SNP and SBP indel alleles with specially designed DNA probes that harbor a couple of nucleotides adjacent to the SNP site. By hybridizing with the same probe, SNP and SBP indel alleles form different heteroduplexes, differing in bulge size, which show different mobility on a polyacrylamide gel. Therefore, iHDA is an easy, fast and inexpensive method for SNP and SBP indel genotyping.
SNPs are the most abundant and densest genetic variations in plant and animal genomes [1] [2] [3] [4] [5] . SNPs have recently become the most important genetic markers for genome-wide association studies, finemapping and cloning of genes of interest, and breeding selection. Small indels are another type of genetic marker abundant in genomes with single base pair (SBP) insertions/deletions (indels) and monomeric base pair extensions are the most common class [6, 7] . In addition to occurring in natural populations, SNPs and SBP indels always occur in mutants generated by chemical mutagens such as ethyl methanesulfonate (EMS) or by CRISPR/Cas9-based genome editing. EMS mutagenisis converts C/G to T/A base pairings and sometimes generates SBP indels, while CRISPR/Cas9-mediated genome editing often produces a point mutation or an SBP indel in the target site [8] [9] [10] . Recent research shows that cytidine deaminases or adenine deaminases can be fused to Cas9 or Cpf1 (newly discovered class 2/type V CRISPR-Cas DNA endonuclease) to function as base editors that can convert G-C to A-T or vice versa in plants [11] [12] [13] [14] [15] [16] [17] . Identification of these mutations -single nucleotide substitution or SBP indels -in transgenic plants is timeconsuming and expensive. Therefore, development of a rapid and accurate method for detecting SNPs or SBP indels is important for many basic and applied projects.
SNP genotyping methods can be classified into three major types: DNA hybridization-based, enzyme-based, and confirmation-or melting temperature-based methods [18] [19] [20] . Hybridization-based methods include dynamic allele-specific hybridization, molecular beacons, SNP arrays and a probes-oncarrier DNA chip [18] [19] [20] [21] . Enzyme-based methods include restriction fragment length polymorphism (RFLP) and cleaved amplified polymorphic sequence (CAPS) assay, invader assay, primer extension assay, TaqMan assay, oligonucleotide ligation assay (OLA), Surveyor nuclease assay, T7 endonuclease I (T7EI) cleavage assay, PCR/RNP assay, and specific highsensitivity enzymatic reporter unlocking (SHERLOCK) assay [22, 23] . The conformation-or melting temperature-based methods include single-strand conformation polymorphism assay, heteroduplex assay (HDA) or heteroduplex mobility assay (HMA), denaturing and temperature gradient gel electrophoresis (DGGE and TGGE) assay, denaturing high-performance liquid chromatography (DHPLC), high-resolution melting analysis (HRMA), and MutS binding assay [24] [25] [26] [27] . These methods require either special equipment, special enzymes or proteins, or specific sequences. Although sequencing is the best method for SNP genotyping, it remains expensive and timeconsuming.
New technologies are being developed to overcome the limitations of sequencing.
For example, PCR/RNP assay, SHERLOCK assay, and a probes-on-carrier DNA chip have recently been used for SNP genotyping [21] [22] [23] . In this report, we took advantage of HDA to develop a new method to facilitate SNP genotyping. Heteroduplexes are formed from the hybridization of heterologous sequences, usually allelic sequences with SNPs or indels. Unmatched sequences or sites in the homologous region form bulges that sharply reduce heteroduplex mobility. The heteroduplex-based analysis for DNA mutation detection is thus named HDA or HMA, which enhances the differences between indel alleles, and has been applied to detect genome variations including indels and point mutations [28] [29] [30] . When used to discriminate SNP alleles, HDA requires a special solvent system in order to increase the heteroduplex mobility shift [31] . To aid the genotyping of SNP alleles, here we describe an improved HDA method, named iHDA, that can readily discriminate SNP alleles with a specially designed DNA probe, making it an easy, fast and inexpensive method for SNPs genotyping. In addition, iHDA is effective for detecting SBP indels. Because this method does not require any special equipment, enzymes or proteins, and has no sequence limitations, it can be easily adopted for routine SNP and SBP indel genotyping in most laboratories.
MATERIALS & METHODS

PCR amplification
PCR reactions were carried out with a commercial premix (Tsingke Inc., Beijing, Cat #: TSE004) following the manufacturer's instructions. If an Ex Taq DNA polymerase (Takara, Cat #: RR006A) was used, the 20-μl reaction mix contained 1X buffer, 0.5 μM of each primer, 0.2 mM dNTP of each nucleotide, 20-100 ng of rice template DNA, and/or 0.01-0.05 pg of probe DNA and 0.5U Taq polymerase. The probe was produced by PCR (see the section on probe design and preparation for more information). PCR amplification was conducted as follows: 95°C 2 min, then an amplification cycle (denature at 94°C for 20 s, anneal at 50-60°C for 20 s, extension at 72°C for 15 s) for 32 cycles, 72°C for 6 min, then 16°C or terminate the reaction. The PCR amplification was carried out with a T100 Thermal Cycler (Bio-Rad). Primers for amplification of the target gene region were designed to amplify approximately a 120-bp No. 1 | Vol. 67 |fragment. The primers used in this study are listed in Supplementary Table S1 . All the primers (including FAM-labeled) were synthesized by Tsingke, Inc.
Probe design & preparation
The probe used in iHDA is a sequence that contains artifically inserted nucleotides adjacent to the SNP or SBP indel site ( Figure 1A) . The probe was produced by overlapping PCR with four primers: primer 1, 2, 3 and 4. Primers 1 and 2 are the forward and reverse primer of the target gene, respectively. Primers 3 and 4 are reverse complementary primers that span the SNP or SBP indel site and harbor inserted nucleotides adjacent to the SNP or SBP indel site. The probe was generated by two runs of PCR amplifications. First PCR amplification produces two overlapping fragments, F1 and F2. Then, F1 and F2 were purified from agarose gel by gel slicing. Purified F1 and F2 were mixed and used as the template for the second PCR with primers 1 and 2. The products of the second PCR amplification were the iHDA probe with inserted nucleotides. The FAM-labeled probe used for the quantification of SNP alleles with the bulked sample was generated in the same way with a FAM-labeled primer, primer 1. The probes were confirmed by sequencing before use in the study.
Heteroduplex generation
Heteroduplexes were formed using two methods. In the first method, the amplification of the target gene and the probe were performed in separate tubes and then equal volumes of the reaction solutions were mixed and underwent a denature-renature cycle, which was performed in a T100 Thermal Cycler (Bio-Rad) with the following conditions: denaturation at 95°C for 5 min and then renaturation at 70°C for 10 min. In the second method, the prepared probe (0.01-0.05 pg) was added to the PCR reaction mixture of the target gene (with 20-100 ng rice genomic DNA as template). The mixture underwent a standard PCR amplification as mentioned above. Since the PCR program included a denature-renature cycle at the end of the PCR cycles, heteroduplexes between the target gene amplicon and the probe were formed.
Cast & gel running of PAGE
The concentration of continuous PAGE gels was 8%. PAGE gels were prepared with a B i o -R a d w e s t e r n b l o t p l a t e (12.5 cm × 6.5 cm × 1.0 mm). The gel contained 23.6 ml of water, 8 ml of 5X TBE buffer, 8 ml of 40% acrylamide (acrylamide:bis-acrylamide = 29:1), 400 μl of 10% ammonium persulfate, and 40 μl of TEMED. The total volume of 40 ml was sufficient for six plates (12.5 cm × 6.5 cm × 1.0 mm). After the gels are prepared, the samples can be loaded for standard electrophoresis. Before they were loaded into wells, loading buffer containing SYBR Green I dye (Invitrogen, Cat #: S7563) was added to the samples. The SYBR Green I dye was added to the sample at a final concentration of 1X, which originally was 10000X. For each sample, 2 μl of generated heterduplexes (around 50-100 ng) were loaded to the PAGE gel. The PAGE gels were run at 120-150 volts for 45-60 min with 1X TBE electrophoresis buffer. After electrophoresis, the gel can be directly visualized with the Bio-Rad ChemiDoc XRS+ system, because SYBR Green I dye has already been added and associated with DNA molecules. For the quantification of SNP alleles in the bulked sample with FAM-labeled probes, SYBR Green I dye was not added.
RESULTS & DISCUSSION
Effects of bulge size & composition on heteroduplex mobility
It was reported that both bulge size and composition affect heteroduplex mobility [20] . To figure out how bulge size and composition affect heteroduplex mobility, we carried out an iHDA assay with a series of artificial probes. By inserting a few nucleotides adjacent to the SNP site, which keeps the same as one allele (here is the wild-type [WT] allele), we constructed a series of probes (P1-6) that harbor one to six additional nucleotides of adenine (A), that is, 1A to 6As, and different nucleotides with the same number, that is, 3A, 3T, 3C and 3G ( Figure 1A, top panel) . The target PCR amplicon (approximately 150 bp) spanning the SNP site was mixed with the probe (same size as the PCR amplicon except the inserted sequences), and the mixture was subjected to a denature-renature cycle in a PCR machine before loading on a PAGE gel. When the number of added A nucleotides was increased, the heteroduplex mobility sharply decreased ( Figure 1A , bottom panel). The formation of the two types of heteroduplexes (two bands) was due to the sequence difference in the bulges. Similarly, probes P3, P7, P8 and P9, which had the same bulge size (three nucleotides), but with different bulge compositions (A, T, C or G), also produced different band patterns, supporting the notion that bulge composition influences heteroduplex DNA mobility. It is noteworthy that probe P1 with one additional A nucleotide did not show any mobility shift band compared with the WT probe but that probe P2 did produce two heteroduplex bands, suggesting that at least two additional nucleotides are needed in the probe to produce obvious mobility shift.
Based on the above findings, SNP alleles could be discriminated with a common probe that harbors several (n) nucleotides inserted adjacent to the SNP site of one allele (for example the WT allele). To test whether the above probes can be used to distinguish different alleles, we hybridized seven probes (P3-9) in Figure 1A with the WT (IR64) and mutant (m; sds2) fragments that differed by only one SNP (sequence in the top panel of Figure 1A ). The results showed that WT and m alleles produced different patterns of bands for all of the probes used ( Figure 1B ).
SNP genotyping with iHDA
To validate the effectiveness of iHDA for the genotyping of SNP alleles, we genotyped several selected individuals with known genotypes (alleles in Figure 1A , WT and m) with probe P6. The results showed that the genotypes of the WT, m, and their hybrid (H) were clearly determined and were consistent with their genotypes (Figure 2A) . In this assay, WT and m sequences produce two heteroduplex bands, respectively, with two of them not able to be discriminated. Thus, the hybrid samples produced only three bands. All the band patterns were consistent with their genotypes.
We also used iHDA to detect a 1-bp deletion (SBP indel). As shown in Figure 2B , the genotypes of the 14 samples of one indica (IR64, I) allele, one japonica (TP309, J) allele, and their mixture (50% each to mimic H) were clearly determined by a probe with three Adenines inserted adjacent to the deletion site. The results demonstrated that the indica (I) allele and japonica (J) allele produced two heteroduplex bands, respectively, with all of them distinguishable from each other. TheReports www.BioTechniques.com J alleles. The results demonstrate that iHDA readily discriminates SBP indels. Since the bulge size and composition affect the mobility of heteroduplexes, each SBP indel can form two heteroduplexes that differ in their bulge nucleotide compositions. In the homozygote lane (I and J), there were three bands, including two heteroduplex bands and one homoduplex band (the probe and the target were indiscriminable here). In the heterozygote lane (H), there were five bands, including four heteroduplex bands and one homoduplex band (the probe and the two targets were indiscriminable). It is noteworthy that sometimes heteroduplexes with the same bulge size but different compositions were not separable in the PAGE gel, such as P7 and P8 with the WT allele in Figure 1B .
iHDA can be applied for quantification of SNP alleles
To demonstrate whether iHDA can be used for the quantification of SNP alleles, we made several artificial samples by mixing WT and sds2 DNA in different ratios. SDS2 amplicons generated from the samples were mixed with fluorescein (FAM)-labeled probe (prepared by PCR amplification with a FAM-labeled primer), subjected to a denature-renature cycle, and then separated on a PAGE gel. The results demonstrated that the two SNP alleles (WT and sds2) were clearly separated and that the intensity of sds2-and WT-specific bands on the gel was well correlated with the corresponding quantity of input DNA (Figure 3) . FAM-labeled primer rather than SYBR Green I dye was used to visualize allelespecific heteroduplex bands because the intensity of bands was proportional to the relative amount of each allele in the mixture.
Compared with traditional HDA, iHDA shows the ability to discriminate SNP alleles and SBP indel alleles, which is beyond the ability of traditional HDA. In this report, our results show that iHDA, which involves the addition of a few nucleotides adjacent to SNP sites in the probes, is highly effective for discriminating SNP and SBP indel alleles. iHDA has at least five advantages compared with other available methods. First, unlike the invader assay, primer extension assay, TaqMan assay, OLA, TGGE/DGGE, DHPLC and HRMA, iHDA does not require any special equipment. Second, unlike RFLP and CAPS, MutS binding assay, OLA, T7EI cleavage assay, Surveyor nuclease assay, PCR/RNP assay and SHERLOCK assay, iHDA does not require special enzymes or proteins. Third, unlike RFLP, PCR/RNP assay and SHERLOCK assay, which require specific enzyme sites or PAM sites, iHDA has no sequence limitation. iHDA depends on conformational changes rather than on specific sequence differences, making it a general method to detect any SNP alleles or SBP indels. Fourth, iHDA is easy, fast and inexpensive, requiring only PCR amplification and PAGE, which are available in most laboratories. Finally, iHDA can be used to quantify SNP alleles in bulked samples and to quantify any other nucleotide substitutions, such as A-to-I RNA editing in heterogeneous samples.
FUTURE PERSPECTIVE
Detection of SNP and SBP indel variations has become a routine technique in many laboratories. The iHDA method can be carried out in one tube for genotyping of SNPs and SBP indels in a target region. iHDA can be automated with a capillary electrophoresis system and a PCR machine to achieve a highthroughput screening of large genetic materials.
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